Abstract-this paper reports an automated tracking and force measurement system for C. elegans in motion, based on microscopy computer vision. A polydimethylsiloxane (PDMS) device was microfabricated to allow C. elegans to move in a matrix of micropillars in a channel. An image processing algorithm has been developed to track the worm and deflecting micropillars automatically in purpose of quantifying multipoint locomotive forces of a moving C. elegans. The developed system is able to visually resolve force with a 0.33 µN resolution. A maximum force level of 55.41 µN for a young adult wild type C. elegans was observed.
and <90 µm in width, invisible to the naked eye), the typical sensors used in millimeter and larger scales are unable to detect the micro-Newton-level force.
Two decades ago, the flexible substrate method was introduced for characterizing mechanical interactions between biological cells and their surrounding environment [13] . More recently, an innovative alternative approach employing microfabricated polydimethylsiloxane (PDMS) post/pillar structures as force transducers was reported to visually measure traction forces generated by adherent cells (smooth muscle cells [14] , epithelial cells [15] , and cardiac myocytes [16] ). Unlike flexible thin substrates, the post/pillar structure does not require heavily complex computations for calculating traction forces. Compared to silicon-based MEMS devices, PDMS-based devices are biocompatible and can be readily fabricated using softlithography techniques [17] .
There have been few systems for measuring forces of C. elegans. A silicon piezoresisitve cantilever [3] has been fabricated to characterize the mechanics of C. elegans body tissue. Constrained onto its culture surface or a testbed by the cantilever free end, the worm is not able to move freely, which excludes the sensor from sensing the dynamic force of moving C. elegans. Very recently, a device with SU-8 based rising pillars [18] has been developed to measure dynamic forces, with each pillar having four 90-degree-spaced gold resistors as strain gauges, which were deployed on its bottom base. The resistance change of the strain gauges gives the force applied at the tip of the pillar. Three main drawbacks exist for this device: (i) use of the strain gauges complicates the microfabrication procedures and measuring instrumentation; (ii) heat dissipated from the gold resistors is likely to affect the natural locomotion of the temperaturesensitive nematode; (iii) complicated structure of the device easily occludes a moving worm, causing unwanted barriers for vision-based worm locomotion observation.
To overcome these drawbacks, a simpler force sensor is highly desired. Continuing from previous works [19] , [20] , this paper reports on a micropillar-based on-chip system capable of constantly measuring force of moving C. elegans. The system consists of a micropillar-based device made of PDMS only (Fig. 1a) and an image processing algorithm for resolving force from the deflection of the cantilever-like pillar. The microdevice and automated visual tracking of pillar deflection form an integrated powerful system for measuring dynamic forces of moving C. elegans with a high resolution. In addition to dynamic force, the neat structure 2 . Schematic of the bending pillar for force analysis. h is length of the pillar, f the force, l the height where force is imposed, į deflection at force point, į' the linear displacement of the free end due to į, and ¨= į + į' total deflection at the free end of the pillar. and transparency of the device allow other locomotive metrics (e.g., speed, distance, wave amplitude) [21] to be collected by developed automated visual tracking system, which will lead to a unique on-chip phenotypic screening framework for small animals like C. elegans.
II. MICROPILLAR-BASED PDMS DEVICE
The device consists of a number of straight and parallel channels (those filled with dye-colored water in Fig. 1b) . Each channel, containing several parallel rows of rising cantilever-like micropillars supported by the channel base, functions as an independent force measuring unit dedicated for one individual C. elegans. By doing so, cross-contamination of worms which otherwise share a same channel is eliminated. In the mean time, to increase fabrication throughput, multiple channels are designed in one chip to allow more worms to be assayed. More importantly, due to the same fabrication procedure, negligible variances in micropillars (size and mechanical property) makes force measurements highly consistent and comparable across channels or worms. A glass coverslip is put on top of the PDMS device to protect the micropillars, worms, and channels from potential physical contamination, interference or damage. To facilitate loading of solutions, water, or the worm to the enclosed micropillar-filled channel, an inlet (Fig. 1c) and outlet are extended from both ends of each channel, which are simply an open and clear concaved planar area. To prevent the micropillars from sticking to the glass coverslip, the depth of the channel is set to 20 μm greater than the height of micropillars, leaving a vertical gap between the top of the pillar and the coverslip.
Currently, the number of rows per each channel is four but more rows of micropillars can be easily added to the device as necessary. According to the width of an adult C. elegans, the height of pillars is 100 μm, to ensure the worm moves inside the arrays of pillars rather than on their top. The diameter of pillars can affect the force measurement resolution and currently is set to be 40 μm. The inter-pillar distances in the x-and y-directions are 60 μm and 110 μm, respectively. Fabrication of the device was described previously in [19] and thus omitted.
Prior to loading worm, the surface of the device was rendered hydrophilic by use of a laboratory corona treater (Electro-Technic Products). The top of the device was then covered with a standard 22×22 mm glass coverslip (ESCO Inc.) to enclose the channel part containing the micropillar array. Following this, a small drop of deionized water (DI) was dispensed onto the uncovered inlet by pipette, moisturizing the channel via diffusion. This pre-loading of the device with water provides the moisturized environment required for the worm to move naturally. However, to minimize the effect of fluids on C. elegans motion, the amount of water was critically controlled so that only a very thin layer of water with a negligible thickness relative to the worm width exists throughout the channel. Fig. 2 shows the deflection of a pillar undergoing force which is originated from the contact of the worm body with the pillar. Through an imaging system (a camera mounted on a microscope), the deflection ǻ of the free end of the pillar can be recorded and measured by developed image processing algorithm. With the deflection available, the force f is subsequently obtained by a linear spring forcedeflection model ݂ ൌ ݇߂ (1) where k is the stiffness of the pillar. As the worm moves inside the array of pillars, the force does not apply at the free end of the pillar, which makes the total deflection of the free end is attributed to two parts: (i) the deflection δ proportional to the load force at the force loading point A, and (ii) the linear displacement δ' of the free end B geometrically transmitted from point A.
III. FORCE SENSING PRINCIPLE
A force-deflection model has been derived and reported in [19] , which gives the stiffness k as follows: 
where d is the pillar diameter, l is the length from the load to the support, I is the moment of inertia, and E and Ȗ (=0.5) are Young's modulus and Poisson's ratio for PDMS, respectively. Based on fabrication specifications, Young's modulus (E) of the PDMS is equal to 2.6 MPa [18] .
Note that Eq. (1) implies that the direction of load follows that of the deflection, permitting the dynamic force of a moving worm to be resolved with both magnitude and direction.
IV. AUTOMATED VISUAL MEASUREMENT OF PILLAR

DEFLECTION
An image processing algorithm was developed to detect and track those pillars which are in contact with C. elegans moving in array of pillars, and measure their deflection all automatically. Fig. 3 shows the top view of C. elegans moving inside micropillars, where the deflection of those pillars with C. elegans force loads is visually noticeable. For each pillar subject to deflection, top circular surface could be fitted a circle to detect the circular center position. The deflection is equivalent to the displacement of the circle center with respect to its neutral position where the load is zero. The developed algorithm processes stream of image frames in four main steps, namely, identifying contact pillars and worm, detecting circles for contact pillars, determining neutral position for contact pillars, and tracking pillars.
A. Detecting Contact Pillars and Worm
Pillars of interest for force measurement purposes are those that worm contacts and would force against. Thus, it is necessary to separate non-contact pillars from contact pillars for next steps to improve accuracy and efficiency. As Fig. 3 indicates, all non-contact pillars are isolated from either the worm body or neighboring pillars. In contrast, contact pillars are mixed together with C. elegans, forming the largest object in the image. This is generally true for all image frames and results in an algorithm to differentiate non-contact pillars and contact ones. The detailed steps follow.
1. The gray-scale raw image is binarized with an optimized threshold empirically found to give the best result for subsequent steps. Fig. 4a shows the resultant binary image. 2. An algorithm based on morphological reconstruction [22] was applied to fill in holes in the binary image. A hole is a block of black pixels enclosed by a block of connected white pixels. This step aims at labeling all objects with white pixels. Fig. 4b shows resultant image with holes filled. 3. Counting the number of white pixels of each isolated object, the object with the largest number is taken as the combination of worm and the contact pillars. Fig.  4c shows the resultant image with all non-contact pillars removed, indicating the non-contact pillars' coordinates can be determined. 
B. Detecting Circles for Contact Pillars
As their name indicates, contact pillars are partially overlapped or occluded by the worm body. To separate these circular pillars from the worm body, a circle detection algorithm based on Hough transform [23] and array of accumulators [24] was adapted for this purpose. Before Hough transform, the raw image is processed with the Sobel operator only in the area consisting of contact pillars and worm, rather than in the entire image. The resultant gradient image is then used in Hough transform for circle detecting.
A circle in the 2-D x-y image plane (also called as geometric space) can be defined as
ሼܽǡ ܾǡ ‫ݎ‬ሽ is a triplet defining the center and radius of the circle. Hough transform suggests that any point ሺ‫ݔ‬ ǡ ‫ݕ‬ ሻ in geometric space could be transformed onto a conical surface in the a-b-r parameter space described by 978-1-4244-5448-8/10/$26.00 ©2010 IEEEgeometric space lie on the same circle characterized by this triplet [25] . In implementation, a 3-D array of accumulators representing the 3-D parameter space could be defined. For those points on the perimeter of a same circle, a triplet will correspond to the accumulation cell where the locally largest number of cone surfaces intersect. For the device used in this work, the pillars have a known diameter. Thus, in the parameter space, r in Eq. (4) is a constant and a 2-D array of accumulator can be used. Fig. 5 shows the Hough transform array of accumulators for the case shown in Fig. 3 . Note there are eight peaks in the graph, corresponding to the eight contact pillars. The x-y coordinates of the peaks correspond to the pillar centers.
Normally, in implementation of the Hough transform, each edge point is mapped to the full spectrum of those discretized accumulator. The computation burden can be lessened by using image gradient of the edge point. In principle, for an edge point (x i , y i ) on a circle ሼܽ ǡ ܾ ǡ ‫ݎ‬ ሽ, its gradient should point to the circle center [26] . In other words, the center point (a 0 , b 0 ) is collinear with (x i , y i ) and the slope of the straight line is given by the gradient. In comparison, without the gradient information, the center point (a 0 , b 0 ) should be searched through a circular (2 ߨ) range around (x i , y i ). In real computation, therefore, an angle range ߔ around the gradient can be specified to narrow the searching range of (a 0 , b 0 ) in the parameter space. As a result, the computation burden drops by a factor of ʹߨ ߔ Τ [26] . Fig. 7 shows the eight detected circles and centers superimposed on the raw image.
C. Determining the Neutral Position for Contact Pillars
For each contact pillar, the deflection caused by worm is equivalent to the displacement of the circle center with respect to its neutral position where the load is zero. The neutral center point of these contact pillars can be interpolated from the center points of neighboring noncontact pillars, by making use of the known geometric parameters (pillars span equidistantly in row and column directions for the device). The Hough transform again can be used to obtain the center points for non-contact pillars, whose region in the image has been determined in Section IV-A.
D. Tracking Contact Pillars
From frame to frame, for automated force measurement, it is required to track individual contact pillars so that the algorithm is able to index them correctly. To this end, similar to previous work [20] , a template matching algorithm with template update is used to track the motion of the contact pillars. Template matching with constant template update permits small changes (due to worm motion) in image patterns between successive frames of images; therefore, it is capable of robustly tracking the top surfaces of the contact pillars.
Figs 8 and 9 show two sets of four consecutive processed image frames even when microscopy stage was moved along vertical and horizontal axes respectively to bring the worm back to the field of view of the image. Tracking of contact pillars proves to work very well.
V. C. ELEGANS FORCE MEASUREMENT EXPERIMENT
A. Experimental Setup and Data Processing
Wild-type young worm movement through the micropillar arrays was imaged using a Nikon Eclipse 80i fluorescence microscope. A digital camera (DS-5Mc, Nikon) was used to record movies. When worm moved out of the field of view, the stage was manually moved to bring the worm back to the image. Developed image processing algorithm was used to determine pillars deflection, and to resolve corresponding forces with the linear force-deflection model (Eq. (1)).
B. Force Resolution
For our imaging system with equal pixel size in both xand y-directions, force resolution, ∂f, is given by the following expression:
where k is the stiffness of the pillar given by Eq. (2), u is the pixel size (1.18×1.18 μm/pixel) in either direction, and σ is the visual resolution for the pillar deflection (0.05 pixel). Corresponding to a worm width of 60 μm, the stiffness of the pillar is 5.6 μN/μm, thus the force resolution is 0.33 μN.
C. Force Measurement Results and Discussion
Fig . 10 shows the force measurement of a selected pillar with which the worm had a whole contact interaction (i.e., initial contact, more deflecting, and exit of contact). During this course, the developed force measurement system is capable of constantly tracking the dynamic force trends in C. elegans continuous motion. Two interesting observations were obtained which may have important implications for C. elegans biomechanics and dynamics modeling, although more experiments should be done for conclusive results. One observation was that the force was always normal to the curve of worm motion trajectory, indicating the lateral force is the main thrust, which generates the curvature of the worm body and subsequently the curved motion. The same mechanism exists [27] for a worm moving on an agar surface, which does not have any enhanced structures such as pillars in this study. Interestingly, it implies that the worm maintains its motion generation mechanism by producing lateral thrust regardless of its environment, which can be either natural (i.e., agar surface) or artificially structured such as pillars. This mechanism may be inherent in the muscle contraction of C. elegans.
The second observation was that when the worm forwarded, different body parts generated randomly varying force levels for motion. This suggests that the worm body cannot be treated as a linear or constant force generator in biomechanics modeling.
The micropillar-based force measurement system can be readily extended to other applications. One example is to fill the channels with water and investigate the force patterns for C. elegans swimming [28] , [29] , which is another important yet little-known locomotion different from the wellunderstood crawling on substrate surface. Another example is to explore the configuration of pillars so that they may enhance the locomotion of C. elegans as reported in [30] , where the speed of wild-type C. elegans was improved 10 times due to the structured and short agar pillars. If the enhanced locomotion can be observed for PDMS pillars, using PDMS pillars will provide force measurement which was not otherwise achievable by agar pillars during the motion, permitting a comparison of C. elegans forces for different pillar structures. The results are likely to explain from the prospective of force how the enhanced locomotion is originated. While the data presented here was to picture functionality of our developed automated tracking and force measurement system, it is capable of collecting as much data as desired for more thorough force pattern analysis and locomotion characteristics extraction of C. elegans in our future work. This automated approach allows obtaining force patterns for various locomotive behaviors of C. elegans, such as turning, foraging, and forwarding/reversing, and their respective phenotypes. Comparison of these force patterns could help establish the relationship between muscle arms and force patterns of C. elegans in motion, and thus give a better understanding of the genetics controlling muscle arm development.
VI. CONCLUSION
A novel system consisting of a microfabricated PDMS device to load C. elegans in a matrix of micropillars in a channel, and an image processing algorithm to automatically infer forces from measured micropillar deflections was introduced. It was shown that the image processing algorithm is able to track C. elegans and contact pillars, accurately measure the deflection all automatically. For a worm of 60 ȝm wide, the force resolution is 0.33 ȝN. In the example, C. elegans was observed to generate a maximum force of 55.41 ȝN to the micropillars, while having a continuous force output spectrum. The force pattern based on the direction of movement or resistance experienced matches biological implications of muscles. The reported system can be readily combined with existing small-animal screening systems and has the potential to enable highthroughput screening of force patterns in C. elegans locomotive phenotypes.
